Objectives Symptoms of three-dimensional (3D) sickness, such as intoxication and eye fatigue, have been observed in subjects viewing 3D films and vary according to the image quality and visual environment. In addition, the influence of stereoscopic vision on the incidence of 3D sickness has not been explored sufficiently. Therefore, it is important to examine the safety of viewing virtual 3D content. Methods The present study examines the effects of peripheral vision on reported motion sickness during exposure to 2D/3D video clips for 1 min and for 1 min afterwards in human subjects. Stabilograms were recorded during exposure to video clips with or without visual pursuit of a 3D object and compared, and subjects were administered the simulator sickness questionnaire after stabilometry. Results There were no significant main effects of solidity of the visual stimulous (2D/3D) and the vision method (visual pursuit/peripheral viewing) in accordance with the two-way analysis of variance of the sway values, although the sway values during the 2D/3D video clips were higher than in control subjects. A consistent trend in the main effect of stability was observed. Further, the sway values changed remarkably after the 3D video clip was viewed peripherally and produced a persistent instability in equilibrium function. The questionnaire findings also significantly changed after the subjects viewed the video clips peripherally. Conclusions Subjective exacerbation and deterioration of equilibrium function were observed after peripheral viewing of 3D video clips. This persistent influence may result when subjects view a poorly depicted background element peripherally, which generates depth perception that contradicts daily experience.
Introduction
In recent times, the familiarity towards three-dimensional (3D) images has increased greatly because 3D movie contents providing binocular parallax are loaded onto different sources of amusement, such as cinema, home television, and game machines. Although the visual presence has been enhanced by the progress in 3D technology, which enables portrayal of movie scenes more realistically, each merit has its demerit. In this case, motion sickness is induced while viewing stereoscopic video clips [1] .
The standing posture in humans is maintained by the body's balance function, which is an involuntary physiological adjustment mechanism called the ''righting reflex'' [2] . This righting reflex, which is centered in the nucleus ruber, is essential to maintain the standing posture when the body is stationary. For this, the body's balance function utilizes sensory signals such as visual, auditory, and vestibular inputs, as well as proprioceptive inputs from the skin, muscles, and joints [3] . The evaluation of this function is indispensable for diagnosing equilibrium disturbances like cerebellar degenerations, basal ganglia disorders, or Parkinson's disease [4] . Since long, stabilometry has been employed for a qualitative and quantitative evaluation of this equilibrium function. In this, a projection of a subject's center of gravity onto a detection stand is measured as an average of the center of pressure (COP) of both the feet. The COP is traced for each time step, and the time series of the projections is traced on an x-y plane (this has been explained in detail in the following section). By connecting the temporally vicinal points, a stabilogram is created. Several parameters are widely used in clinical studies to quantify the degree of instability in the standing posture; for instance, the area of sway (A), total locus length (L), and locus length per unit area (L/A). It has been revealed that the last parameter is particularly related to the fine variations involved in posture control [2] . Thus, the L/A index is regarded as a gauge for evaluating the function of the proprioceptive control of standing in human beings. However, it is difficult to clinically diagnose disorders of balance and identify the decline in the equilibrium function by utilizing the abovementioned indices and measuring patterns in a stabilogram alone. In addition, large inter-individual differences might make it difficult to understand the results of such a comparison. Accordingly, we proposed a new index, called sparse density (SPD) [5, 6] , which depends on the density of COPs in some local area of the stabilograms. With reference to the mathematical model of systems to control upright postures, the SPD quantifies the stability of the systems, and is deemed significant (see ''Appendix'').
Watching 3D movies, though, can produce certain adverse effects such as asthenopia and motion sickness [7] . It has been considered that this visually induced motion sickness (VIMS) is caused by the sensory conflict that results from the disagreement between convergence and visual accommodation while viewing 3D images [8] . Thus, stereoscopic images have been devised to reduce this disagreement [9, 10] . In this paper, we also examine whether the VIMS is caused by this kind of the sensory conflict.
Visually induced motion sickness (VIMS) can be measured by psychological and physiological methods, and the simulator sickness questionnaire (SSQ) is a well-known psychological method for measuring the extent of motion sickness [11] . The SSQ has been used in the present study to verify the occurrence of VIMS. In addition, the following parameters of autonomic nervous activity are considered appropriate for the physiological method: heart rate variability, blood pressure, electrogastrography, and galvanic skin reaction [12] [13] [14] . It has been reported that a wide stance (with the midlines of the heels from 17 to 30 cm apart) significantly increases the total locus length in the stabilograms of individuals with high SSQ scores, while the length for individuals with low scores is less affected by such a stance [15] . We reported that VIMS could be detected by the total locus length and SPD, which were used as the analytical indices of stabilograms [16] .
The recent widespread use of stereoscopic vision facilitates provision of virtual reality and sensation; however, as discussed, since long, there has been concern over the symptoms caused by stereoscopic vision. Accordingly, in the present study, we have examined whether our visual and equilibrium systems are affected by an hour-long session of stereoscopic viewing [17, 18] . In an earlier study by Yoshikawa et al. [18] , the sway values measured after visual pursuit of the stereoscopic sphere in a video clip tended to become smaller than those after (peripheral) viewing without purposeful pursuit of the object. In addition, when the subjects were not allowed to fix the point of gaze as they wished, they looked at the objects with different virtual depth. Each time subjects change their point of gaze, interaction occurs between systems to control accommodation and convergence. A state of non-equilibrium in the control system for visual information processing imposes additional load on the human body. Further, the intermittent inconsistency between accommodation and convergence is considered to cause imbalance in our autonomic nervous system. To examine this hypothesis, we measured the severity of the influence of peripheral viewing, which is expected to cause uncomfortable symptoms of motion sickness, and compared it with the influence of the visual pursuit of a virtual object on the equilibrium function. In addition, we discussed the relationship among convergence, accommodation of lenses, and depth of the virtual object observed when subjects complain of the discomfort caused by 3D sickness.
Materials and methods
Eleven healthy men (mean ± standard deviation, 22.6 ± 0.7 years), who may have had any otorhinolaryngologic or neurological diseases in the past, participated in this study. The experiment was sufficiently explained to the subjects, following which written consent was obtained from them. The research was approved by the Ethics Committee, Nagoya City University Graduate School of Natural Sciences: Project ID Number 42.
In this experiment, the body sway was measured while viewing 2D/3D video clips. The subjects stood on the detection stand of a stabilometer GS3000 (Anima Co. Ltd., Tokyo), without moving, with their feet together in the Romberg posture, for 30 s before the sway was recorded. Each sway of the COP was then recorded at a sampling frequency of 20 Hz. The subjects were instructed to maintain the Romberg posture during the trials. For the first 60 s, the subjects were asked to do the following:
I. Gaze at a static circle with a diameter of 3 cm (Control). II. Follow a sphere which complexly ambulated in a video clip (Fig. 1 ). III. Peripherally view the same video clip as shown in (II) without pursuing the sphere on the 40-inch display KDL-40HX80R (Sony, Tokyo).
That is, we categorized the visual sighting method as pursuit (II) and peripheral viewing (III). Subjects gazed at a point of fixation (I) or video clips (II)/(III) with their eyes open for the first 60 s, after which they closed their eyes for 60 s. In addition, subjective evaluation of symptoms caused by the motion sickness was examined using the SSQ and visual analog scale (VAS), which were administered after the stabilometry.
The circle (I) was placed before the subjects, 2 m away, at their eye level. Stereoscopic video clips (II)/(III) and their monocular (2D) vision were shown to subjects on the binocular parallax 3D display. The content in the ''Sky Crystal'' (Olympus Memory Works Ltd. Co., Tokyo) was modified, with permission from the company, and used as the visual stimulus in this experiment. The stimulus includes spheres fixed in four corners, which supplies the perspective. We measured the body sway and the subjective evaluation for each vision (I) Control, (II)-2D, (II)-3D, (III)-2D, and (III)-3D situation randomly, according to the abovementioned protocol.
Items
We conducted the stabilometry with eyes open/closed. The experimental periods with eyes open and closed were designed in our experimental protocol to evaluate the severity of the VIMS during and after viewing the video clips. In stabilometry, the COP on an x-y plane was recorded at each time step where x and y directions were defined as the right and the anterior planes on their faces, respectively. Stabilograms were obtained each experimental period from the time series of their COP. Finally, we calculated the new index SPD, and the previously stated sway values such as area of sway, total locus length, total locus length per unit area, defined in Suzuki et al. [19] .
The abovementioned indices were calculated from each stabilogram recorded with eyes open/closed. In addition, we employed the following statistical analysis for the subjective evaluation of the symptoms of the VIMS. To evaluate simulator sickness, the 16 subjective items of the SSQ were used, which were extracted from 1,119 variable pairs from the Motion Sickness Questionnaire, measured before and after simulator exposure, based on the results of a factor analysis [11] . Nausea (N), Oculomotor Discomfort (OD), Disorientation (D), and Total Score (TS) are known as sub-scores of the SSQ. In the present study, the maximum scores of N, OD, D, and TS were 66.78, 53.06, 97.44, and 78.54, respectively. In this paper, the significance level was set at p = 0.05.
The influence of exposure to the video clips on our equilibrium system
The influence of exposure to the video clips on our equilibrium system was investigated in comparison with the control data (I). Friedmann tests were employed for each sway value and index of the stabilogram observed while and after viewing the stimuli in the (I), (II)-2D, (II)-3D, (III)-2D, and (III)-3D conditions. In addition, the Nemenyi method was used for multiple comparisons [20] .
Solidity of the subjects' vision and their vision method
Solidity of the subjects' vision (2D/3D) and their vision method (visual pursuit/peripheral viewing) were assumed to be important influencing factors, on which a two-way analysis of variance (ANOVA) was conducted for the number of repetitions 11. In addition, the sway values while and after viewing the (II)-2D, (II)-3D, (III)-2D, and (III)-3D stimuli were compared using Wilcoxon signedrank tests.
Subjective evaluation
Subjective evaluation was conducted by filling out the questionnaires before and after the stabilometry. In addition to the SSQ, the VAS was utilized to evaluate their eye strain. Finally, a two-way ANOVA on the abovementioned Fig. 1 The Sky Crystal program generates smooth locomotion in the sphere and as subjects view the image, forces lens accommodation to alternate between proximal and distal depths. Performance of the ciliary muscles is enhanced by this accommodation training. Previous studies indicate that low myopia and eye strain can be improved using this strategy [17, 34] Environ Health Prev Med (2015) 20:79-89 81 factors was conducted for each sub-score, specifically, the N, OD, D, TS, and VAS.
Lens accommodation and convergence distance
The participants in this study were two middle-aged individuals in their thirties to forties and four young subjects (age 23 ± 1 years). We obtained informed consent from all participants. We placed an LCD monitor CINEMA 3D 42LW5700 (LG Electronics, Seoul) facing the participants at a distance of 1.57 m (=3H). We presented either a (II)-2D or (II)-3D video clip on the monitor. The abovementioned spherical object appeared as a 3D video clip located at a virtual distance of 1.57 m and moved toward the participants to a virtual distance of 1.19 m. We asked the participants to gaze at the center of the spherical object for 60 s and measured their lens accommodation and convergence distance during this experiment. The 3D video clip was presented using a circular polarizing filter system.
We developed an original machine by combining the WAM-5500
Ò and EMR-9 Ò to perform the measurements. The WAM-5500 is an auto refractometer (Grand Seiko Co, Ltd, Fukuyama) that can measure accommodative power under natural conditions when both eyes are open. It can continuously record accommodative focus distance at a rate of 5 Hz. The EMR-9 is an eye mark recorder (NAC Image Tech. Inc., Tokyo) that can measure the convergence distance using the pupillary/corneal reflex method. We used a circular polarizing filter system combined with the respective binocular vision systems to present 2D and 3D video clips.
Results
Typical stabilograms of the subjects following the virtual sphere have been shown in Figs. 2 and 3 . With eyes open, most stabilograms observed during peripheral viewing of the 2D/3D video clips were dispersed as compared to the control stabilograms. In contrast, no consistent tendency was observed in the stabilograms measured when the subjects' eyes were closed. Moreover, most stabilograms observed during and after exposure to the video clips were dispersed in comparison to the control stabilograms.
Influence of the exposure to video clips on our equilibrium system
The sway values, for when the subjects' eyes were open, were calculated from the stabilograms. Except for the total locus length per unit area, the control sway values were smaller than those obtained from stabilograms recorded during exposure to the 2D/3D video clips (Fig. 4) . Further, according to the Friedman test (p \ 0.05), there was a significant difference among the sway value levels of the (I), (II)-2D, (II)-3D, (III)-2D, and (III)-3D conditions. These sway values for the control were significantly smaller than those obtained from stabilograms from conditions involving visual pursuit of the sphere (p \ 0.05).
The sway values for the control also tended to be smaller than those obtained from stabilograms recorded during peripheral viewing of the stereoscopic video clip (p \ 0.1).
With reference to the results of stabilometry with eyes closed, except for the total locus length, there tended to be a significant difference among sway value levels for the (I), (II)-2D, (II)-3D, (III)-2D, and (III)-3D situations, as verified by the Friedman test (p \ 0.1). Mainly, the control equilibrium system tended to be more stable than that observed during peripheral viewing of the stereoscopic video clip (p \ 0.1). This was particularly observed with reference to the area of sway, total locus length per unit area, and SPD S 4 (Fig. 4d, f ). SPD S 3 had similar results.
The sway values for situations involving visual pursuit of the 2D/3D sphere did not differ from the control, whereas the significant influence was seen in the results for when stabilometry was conducted with the subject's eyes open (Fig. 4a, b, c) .
Solidity of the subjects' vision and their vision method
The two-way ANOVA on sway values did not reveal any interaction between the two factors: solidity of the subjects' vision (2D/3D) and their vision method (visual pursuit/peripheral viewing).
With eyes open, the sway values during the exposure to video clips (II)-2D, (II)-3D, (III)-2D, and (III)-3D were compared using the Wilcoxon signed-rank test whereas the main effects were not observed for any sway values. Except for the total locus length, there was no significant difference between any stabilograms observed during the exposure to the abovementioned video clips.
With eyes closed, results of the two-way ANOVA for the area of sway and SPD S 3 , S 4 , S 5 showed a consistent main effect of the solidity (p \ 0.1). According to the Wilcoxon signed-rank test for total locus length per unit area, in addition to these indices, the subjects' equilibrium systems after exposure to the 3D video clip were significantly less stable than that after exposure to the 2D one, involving peripheral viewing of the video clips. Moreover, the same nonparametric test for the total locus length measured after exposure to the 3D video clip was slightly smaller than those measured after exposure to the 2D one (Fig. 4e) .
Subjective evaluation
The SSQ confirmed that the subjects did not complain of discomfort before the stabilometry and after the control stabilometry. Any sub-scores of the SSQ filled out after the exposure to the 3D video clip were greater than those filled after the exposure to the 2D one. Moreover, any sub-scores of the SSQ after peripheral viewing of the video clips were also greater than those measured after exposure to the visual pursuit ones (Fig. 5) .
According to the two-way ANOVA, with reference to the subjective indices, interaction was not found between the abovementioned factors. In the sub-scores for N, OD, and TS, the main effect of the vision method was observed (p \ 0.05). While the main effect of the vision method also tended to be seen in the sub-score D (p \ 0.1), the main effect of solidity of the vision was observed in this subscore (p \ 0.05). With reference to the VAS, the subjects complained of eye strain after peripheral viewing of the video clips, which was indicated by the main effect of the vision method in this subjective evaluation (p \ 0.01).
Lens accommodation and convergence distance
The measurements for the participants showed roughly similar results. For 3D vision, typical results for a participant (38-year-old male, emmetropia) are shown in Fig. 6 . Fixation distances among accommodation, convergence, and depth map (theoretical distance of the surfaces of scene (Fig. 6) . Consistency was not observed, and we were able to detect a delay in accommodation variations.
Discussion
In this paper, we examined whether motion sickness could be induced by the exposure to stereoscopic video clips, and could worsen according to the vision method. Solidity of the subjects' vision (2D/3D) and their vision method (visual pursuit/peripheral viewing) were assumed to be influencing factors, which were examined using the two-way ANOVA. With eyes open, main effects of these factors were not obtained for any sway values although most of sway values were greater than the control during viewing of 2D/3D video clips. We also recorded stabilograms with eyes closed, immediately after the exposure to the video clips (Fig. 3) . Findings related to area of sway and sparse density of high degree showed a consistent tendency in main effect of the solidity. Further, after the peripheral viewing of the 3D video clip, remarkable change was seen in the sway values, thus explaining the instability in the subjects' equilibrium function. The change was also obtained from the statistical results of subjective evaluation after peripherally viewing the video clips. According to the analysis of the SSQ sub-score N, OD, TS, and VAS, we could found increase in severity of the symptoms such as uncomfortable and eye strain that were induced by the VIMS. With eyes open, the total locus length significantly increases with visual pursuit to the stereoscopic sphere, which was not seen in the sway value immediately after the exposure to the video clip (Fig. 4b, e) . Therefore, this influence is considered to be temporary. In contrast, instability of our equilibrium systems could be detected by the analysis of sway values with difficulty while peripherally viewing video clips (Fig. 4a, b, c) . With eyes closed, however, significant increase was not only seen in most of the sway values including the previous indices for stabilograms, but also in the subjective evaluations including the eye strain component (Fig. 5) . This is regarded as persistent influence which might be caused by peripheral viewing in unskillful background elements because their depth perception differs from our experience in daily life. This indicates that a labored style of visual performance could be induced by the binocular parallax because the stereoscopic images were constructed without consideration of our finite convergence. From this point of view, technology to compose stereoscopic images has been developed as a countermeasure [21] , and is already being used in the following accommodation training. This technology is expected to be widely accepted. We used this technology in an accommodation training study on preventive medicine, which aimed to improve the pseudomyopia by relaxing the contracted focus-adjustment muscles around the eyeball, such as the ciliary and extraocular muscles [22] . We verified the short-term effects of the apparatus on the eyesight of visual inspection workers (22 females) suffering from eye fatigue. The workers were trained in 3 days. We found that the visual acuity of the subjects was statistically improved by continuous accommodation training, which will promote a ciliary musclestretching effect.
However, it is still unclear how long the duration of the impact of the mild symptoms induced by peripherally viewing of the 3D video clips on our equilibrium systems continues to remain. To approach the mechanism, we investigated the relationship among the body sway, visual function, and head posture while viewing stereoscopic video clips. Until recently, it has been believed that our convergence adjusts to virtual depth popped up from 3D TV screen, whereas human beings focus on the surface of the display during stereoscopic vision. It is generally explained that, ''During the stereoscopic vision, accommodation and convergence are mismatched, and this is the main reason for the visual fatigue caused by viewing 3D video clips.'' According to the findings presented in our previous report [23] , however, such explanations are incorrect. We developed a new device that can simultaneously measure accommodation and convergence. As a result, lens accommodation is considered to be consistent with convergence because the accommodation does not adjust to the surface of the display, but adjusts to the virtual depth during the stereoscopic vision [24] . Wann et al. [8] stated that within a virtual reality system, the eyes of a subject must maintain accommodation at the fixed LCD screen, despite the presence of disparity cues that necessitate convergence eye movements to capture the virtual scene. Moreover, Hong et al. [25] stated that the natural coupling of eye accommodation and convergence while viewing a real-world scene is broken when viewing stereoscopic displays. More recently, Patterson [26] provided an estimate of the depth of field of the human eye, and showed that an accommodation-vergence conflict is unlikely to occur under most stereo display viewing conditions, i.e., it might occur only with near eye displays. The critical issue is to present the virtual images at depth planes that fall within the depth of the field of the viewer, which would prevent such conflict, and which is likely to happen often, under most conditions. When the virtual image is presented within the depth of the field, accommodation can follow the vergence response without any conflict, because there would be no blur signal to drive accommodation back to the display surface. Under such conditions, it could be predicted that the viewer would accommodate at the distance of the convergence response, for which support is provided, as demonstrated in our previous studies [23, 27, 28] . Moreover, Patterson and Silzars [29] proposed that the eye strain and viewing discomfort that accompany viewing of stereo displays come from the high-level cue conflict between the presence of binocular parallax in the display and the absence of motion parallax.
We can stereoscopically view parallax images with operation of retinal/sensory fusion and vergence/motor fusion. We could succeed in binocular single vision by the convergence adjustment only if the binocular parallax were set such that it exceeds the limit of the retinal/sensory fusion. In the case of a large parallax, it is impossible to stereoscopically view the images with these operations. While stereoscopically viewing the images, we always conduct these two adjustments to help us focus on images popping out of the screen. The virtual images would be blurred if this adjustment was difficult. During this, stereoscopic vision causes uncomfortable symptoms induced by the VIMS, such as intoxication and eye strain. Nagata [30] investigated individual differences in the function of the vergence/motor fusion for stereoscopic vision, to suggest design criteria for safe 3D images for most of Japanese subjects, that did not get blurred. We need to now proceed by focusing on images popping out of the screen, to prevent the emergence of the VIMS symptoms caused by the exposure to blurred virtual images.
In a previous study, we also compared fixation distances between accommodation and convergence in middle-aged subjects while they followed a sphere on 2D/3D video clips used in the present study [31] . The measurements for the subjects showed roughly similar results. Fixation distances among accommodation, convergence, and depth map (theoretical distance of the surfaces of scene objects from a viewpoint) were compared while the subjects viewed the (II)-3D video clips on the LCD, with repeated measures. Disagreement between the visual accommodation and convergence was not seen for the first 60 s of continuously viewing the 3D images. However, gradually, their inconsistency was observed in Fig. 6 , and we could find the delay in accommodation variations. The results indicated that subjects' accommodation and convergence when viewing 3D images were found to change the diopter value, which was synchronous to the movement of the 3D images. However, the lens accommodation was not consistent with the convergence in the middle-aged subjects after gazing at the 3D video clips for 90 s. However, subjects in the present study did not follow the stereoscopic sphere for more than 90 s, and the abovementioned inconsistency was not induced considerably. This indicates that the inconsistency between the lens accommodation and convergence may not cause the 3D sickness. Moreover, we herein speculate the mechanism of temporal increase in the body sway value observed with visual pursuit of virtual objects. Conceivably, our head posture would be synchronized to pursue virtual objects and become unstable. Instability of the head posture might enhance the sway value because the body sway is affected by the head posture.
To enhance labor effectiveness, wearable apparatus such as cameras and head-mounted displays have been recently introduced to the industrial field. On the other hand, one major limitation of this work is the small sample. Gender and age are also a limiting factors. Generally speaking, sway disturbance may occur frequently in women and older adults. Systems to control upright posture are actually considered less stable in older adults than in young individuals [32] . This research targeted more stable young men and examined whether the 3D disturbance of sway could be detected. We hope to extend this work to participants of other gender and age groups in the industrial field, including children who often play video games.
Vision plays an important role of facilitating the input of about 80 % of ambient information in our central nervous system [33] . Therefore, the visual deprivation and adaptation to luminosity considerably depend on the stability of biological control systems. The visual information also depends on the system to control upright posture. In this study, the influence of the vision method, i.e. visual pursuit and peripheral viewing, on our equilibrium systems during and after viewing 2D/3D video clip, was examined. We found that irrespective of the vision method followed by the subject, the sway values were greater than the control during viewing of 2D/3D video clips. Systems to control their upright posture tended to become unstable during exposure to the video clips. In addition to deterioration in their equilibrium function, subjective acute exacerbation was observed after peripheral viewing of the video clips, in comparison with that after viewing clips involving visual pursuit of the sphere. This is regarded as persistent influence which might be caused by peripheral viewing in an unskillful background element and depth perception which differs from our experience in daily life. In future research, we will examine whether the severity of the VIMS depends upon exposure time, differential rate of backgrounds, and the vestibular input, and discuss limits of our ability in visual information and the mechanism of the VIMS.
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Appendix: Sparse density
For the data analysis, the anterior-posterior direction was considered to be independent of the lateral direction [35] . Stochastic differential equations (SDEs) were proposed as mathematical models to generate the stabilograms [6, 36, 37] . The variance in the stabilogram depends on the form of the temporally averaged potential function in the SDE, which generally has plural minimal points. In the vicinity of these points, local stable movement with a high-frequency component was generated as a numerical solution to the SDE. Therefore, we can expect a high density of observed COP in this area on the stabilogram [6] ; sparse density (SPD) is regarded as an index for this measurement.
Sparse density is defined by an average of the ratio G j (1)/G j (k) for j = 3, 4, …, 20, where G j (k) is the number of divisions having more than k measured points. A stabilogram is divided into quadrates whose side length is j times longer than the resolution. If the center of gravity is stationary, the SPD value is 1. If there are variations in the stabilograms, the SPD value is greater than 1. Thus, the SPD depends on the characteristics of the stabilogram and the minimal structure of the temporally averaged potential function.
